Abstract Purpose: Hereditary nonpolyposis colorectal cancer (HNPCC) is the commonest form of inherited colorectal cancer. Whereas it has been known that mismatch repair gene mutations are the underlying cause of HNPCC, an undetermined number of patients do not have these alterations. The main objectives of this study were to assess the relevance of clinically defined HNPCC patients without characteristic mutator pathway alterations and to identify their specific features. Experimental Design: This was a prospective, population-based, cohort that included 1,309 newly diagnosed colorectal cancer patients. Demographic, clinical, pathologic data and tumor DNA from probands as well as a detailed family history were collected. Microsatellite analysis and MLH1, MSH2, and MSH6 immunohistochemistry were done. Germ line MLH1 and MSH2 mutational analysis was done in all patients with evidence of MMR alterations. Results:Twenty-five patients (1.9%) fulfilled Amsterdam criteria of HNPCC but15 (60%) of them did not have microsatellite instability and showed normal expression of MMR proteins. These patients presented mostly left-sided tumors without lymphocytic infiltrate; they were older, had fewer family members affected with colorectal or endometrial cancers, and more often fulfilled Amsterdam II criteria than HNPCC patients with microsatellite instability. Like unstable HNPCC patients, this group without mutator pathway alterations had a significant percentage of synchronous and metachronous adenomatous polyps and cancers. Conclusions: We define an important group of HNPCC families with specific features, no evidence of mismatch repair deficiency, and an autosomal dominant trait with a lesser penetrance than HNPCC with deficiency.
The development of colorectal cancer is the result of an accumulation of genetic alterations in genes that are crucial in controlling epithelial cell growth and differentiation. Genomic instability, a genome-wide disorder that implies a selfperpetuating loss of DNA integrity, accelerates the process of mutation accumulation. Thus, genomic instability becomes an essential feature of colorectal cancer progression. Thus far, it has been considered that there are two main, apparently independent, pathways of genomic instability: one, and the most common, that results in loss of heterozygosity and another that leads to microsatellite instability (MSI; ref. 1) .
Genomic instability resulting in loss of heterozygosity is characterized by a sequential inactivation of oncosuppressor genes including APC, p53, DCC, SMAD2, and SMAD4. Tumors generated through this so-called suppressor pathway display chromosomal instability and frequent cytogenetic alterations and allelic losses. Much of what is known about this pathway has been learned from the study of familial adenomatous polyposis caused by germ line mutations in the APC gene. In fact, colorectal cancer with loss of heterozygosity has been considered the sporadic counterpart of the familial adenomatous polyposis syndrome.
The second and less common pathway of genomic instability is characterized by hypermutability and results in DNA MSI due to a failure to repair DNA mismatches after replication. This pathway was identified while searching for the gene responsible for hereditary nonpolyposis colorectal cancer (HNPCC) or Lynch syndrome (2 -4) . The disruption of the DNA mismatch repair (MMR) system in HNPCC with MSI is mostly due to germ line mutations of the MMR genes MLH1, MSH2, and MSH6 whereas in sporadic high level instability (MSI-H) colorectal cancer, it is commonly due to somatic promoter hypermethylation of the MMR gene MLH1 (5). Nonfamilial MSI-H colorectal cancer has long been regarded as the sporadic counterpart of HNPCC. Recent data, based on molecular, pathologic, and clinical features, have questioned this view and suggest that the two groups may have distinct initiating mechanisms (6, 7) . Thus, an important group of sporadic MSI-H would be associated with BRAF proto-oncogene mutations and gene promoter hypermethylation in the socalled ''serrated pathway'' of colorectal neoplasia (8) .
HNPCC is the commonest form of hereditary colorectal cancer. It is an autosomal dominant disorder with a penetrance of around 80% and usually diagnosed at an early age. To unify the selection of these families for research studies, the Amsterdam criteria were drafted (9) . Initial Amsterdam I criteria included presence of three family members with colorectal cancer, one of them being a first-degree relative of the other two; with at least two generations affected; and with at least one colorectal cancer diagnosed before age 50. This criteria turned out to be too strict, excluding small families or families that present with associated extracolonic tumors. Thus, the modified Amsterdam criteria and Amsterdam II criteria were proposed (10) . Later on, the original (11) and revised (12) Bethesda guidelines, a set of clinicopathologic and familial features, have been validated (13) as a useful screening tool for the identification of HNPCC patients and eventually for distinguishing them from sporadic colorectal cancer tumors. Features commonly associated with HNPCC are predominance of right-sided colorectal cancer, excess of synchronous and metachronous colorectal cancer, and poorly differentiated histology with lymphocytic infiltration (14) .
Whereas it has been suspected that MMR gene mutations are the underlying cause of HNPCC, an undetermined number of patients seem not to have these alterations. The heterogeneity of MMR gene mutations may be responsible for missing some of them while using conventional genomic DNA sequencing techniques. Other approaches, such as conversion analysis, could improve the yield in these cases (15) . Nevertheless, it is yet unknown the effect of colorectal cancer that fulfills Amsterdam criteria but does not display any of the features commonly seen in colorectal cancer with alteration of the mutator pathway: MSI and lack of MMR protein expression or gene mutations. This could be due to the fact that the overwhelming majority of studies about HNPCC have been based on the retrospective evaluation of high-risk families or high-risk individuals. This situation resulted in national committees, such as the 2002 HNPCC National Cancer Institute workshop, recommending that HNPCC be studied from a population-based perspective (12) . A recent report suggests that MMR gene mutation-negative tumors from clinically defined HNPCC patients have few alterations in the common pathways leading to colorectal carcinogenesis, suggesting that other unknown genes could be involved (16) . Some distinctive clinicopathologic features of HNPCC without MSI had already been observed when Jass et al. (17) compared a group of families with hereditary colorectal cancer. In that study, microsatellite stable (MSS) HNPCC patients were older than MSI HNPCC patients; their tumors were less commonly on the right side of the colon, less often poorly differentiated and mucinous, and more often DNA aneuploid; and they did not present multiple cancers (17) .
In this article, we report our results from a large, prospective, multicenter, nationwide cohort of 1,309 patients systematically recruited during a full year and from whom clinical and pathologic data, along with family history and tumor samples, were obtained. The main objectives of this study were to assess the relevance of clinically defined HNPCC patients without characteristic mutator pathway alterations and to identify their specific features.
Materials and Methods
Study sample and data collection. The study is a prospective, multicenter, nationwide cohort of 1,309 newly diagnosed colorectal cancer patients recruited from November 1, 2000 to October 31, 2001 from 20 teaching and community hospitals in Spain. This was done as a part of the larger EPICOLON study aimed at establishing the incidence of HNPCC in Spain. EPICOLON included 1,978 patients representing 10% of all colorectal cancer diagnosed nationwide during 1 year (18) . Nonconsenting patients (1.6%), patients with unavailable tumor DNA, as well as patients with adenomatous polyposis, a personal history of inflammatory bowel disease, or an incomplete family history were excluded. Participating centers collected demographic and clinical data, tumor-related variables from probands, and a detailed family history using a unified data base questionnaire. Cancer pedigrees were traced backward and laterally at least up to second-degree relatives. The Institutional Ethics Committee of each participating hospital approved the study and written informed consent was obtained from all patients.
Every type of analysis (MSI testing, immunohistochemistry, and MMR gene sequencing) was done in a single center. Researchers working on specific procedures were blinded to the results obtained elsewhere.
Microsatellite instability analysis. The inactivation of the main MMR genes results in size changes of repetitive sequences that are scattered throughout the genome, a phenomenon called microsatellite instability (19) . We obtained tumor DNA from the 1,309 patients included in this series. In 753 of them, samples were obtained fresh and DNA was also extracted from noninvolved colonic mucosa. In the rest, DNA was only extracted from formalin-fixed, paraffin-embedded tumor tissue. When tumor and uninvolved mucosa DNA were available, MSI analysis was done using the five markers recommended at the Bethesda conference of the National Cancer Institute (20) : BAT-26, BAT-25, D5S346, D2S123, and D17S250. When only tumor DNA was available, the five quasimonomorphic mononucleotide repeats (BAT-26, BAT-25, NR21, NR22, and NR24) suggested by Suraweera et al. (21) and backed by the 2002 HNPCC workshop in Bethesda (12) were used. Tumors were classified as stable (MSS) if none of the markers showed instability. Tumors with >30% of unstable markers were classified as MSI-H and tumors with V30% of unstable markers were classified as low-level MSI (MSI-L). All tumors evaluated using the Bethesda markers and found to be MSI-L were further studied with the additional set of NR mononucleotide markers to rule out MSI-H. MSI-H tumors with only altered dinucleotide markers were also evaluated with the additional set of NR markers according to the recommendations made in the mentioned workshop (12) . Primers were labeled with fluorescence and analyzed on an ABI 3100 Avant Genetic Analyzer using GeneScan Analysis software (Applied Biosystems, Foster City, CA).
Tumor MLH1, MSH2, and MSH6 protein expressions. Pathogenic mutations in the MMR genes usually lead to an absence of protein product by immunohistochemistry staining (22 (Table 1) , the mean age at diagnosis of the probands was 64.8 for the former and 67.8 for the latter. Sex distribution was similar in both groups. The majority of the MSS HNPCC appeared on the left side of the colon (86.7%) whereas location was evenly distributed in the MSI HNPCC group. The latter group also showed a higher percentage of well-differentiated tumors (33.3%) than the former (0%). A low percentage of mucin production was seen in both groups. Whereas 50% of MSI HNPCC tumors had lymphocytic infiltrate, none of the MSS HNPCC tumors had it (0%). There were no significant differences between the two groups on the incidence of synchronous or metachronous colorectal adenomatous polyps.
One MSI HNPCC patient had synchronous colorectal cancer. Two MSI HNPCC patients and one MSS HNPCC patient had metachronous colorectal cancer.
Of all MSI HNPCC, 90% fulfilled Amsterdam I criteria and 10% fulfilled Amsterdam II criteria (Table 2) . Regarding MSS HNPCC, 53% fulfilled Amsterdam I criteria and 47% fulfilled Amsterdam II criteria. The percentage of family members with colorectal cancer was 31.5% in the MSI HNPCC and 18% in MSS HNPCC families (P < 0.05). Mean age at diagnosis of all family members affected with colorectal cancer was 6 years lower in the MSI HNPCC than in the MSS HNPCC (53.8 versus 60.2; P < 0.05). Regarding HNPCC-related extracolonic cancers (which were all endometrial), 5.1% of members of MSI HNPCC families were affected whereas 3.3% of members from MSS HNPCC families were affected. There were no significant differences on age at diagnosis of family members affected with endometrial cancer (52.4 for MSI HNPCC and 51.4 for MSS HNPCC).
Sporadic colorectal cancer with MSI-H tumors versus hereditary nonpolyposis colorectal cancer (Amsterdam I and II) with MSI-H tumors. To establish which features are common to all MSI-H colorectal cancer or which ones are specific to MSI-H HNPCC, we compared the latter to MSI-H tumors from patients with no other family members affected with colorectal cancer (Table 3) . Sporadic MSI-H patients were 9 years older, involved a majority of females (67%), had predominantly right-sided tumors (75%), and had a higher level of mucin production than MSI-H HNPCC patients. No differences were seen on degree of differentiation or Dukes stage. There were no differences on Clinicopathologic features of non -hereditary nonpolyposis colorectal cancer patients according to microsatellite instability status. There were no significant differences on age at cancer diagnosis among patients with MSI-H and MSS tumors. There were, however, significant sex differences (Table 4) . Thus, whereas females represented 37% of MSS, females constituted the great majority of MSI-H patients (65%). Other significant differences of MSI-H tumors in relation to MSS tumors were predominance of right-sided location, higher percentage of poor differentiation, less early Dukes stages (A + B1), higher level of mucin production, and higher percentage of lymphocytic infiltration. After multivariate analysis was done, female gender (P < 0.005), right-side tumor location (P < 0.005), poor differentiation (P = 0.006), and mucin production (P < 0.005) were found to be independently associated to MSI-H molecular phenotype (Table 5 ).
Discussion
The HNPCC syndrome was initially defined according to data based on family history. Features commonly associated with this syndrome include an autosomal dominant inheritance pattern with a high penetrance, early age at diagnosis, tumors commonly affecting proximal colon, poorly differentiated histology with lymphocytic infiltration, and common presence of synchronous and metachronous colorectal cancer (14, 19) .
Over the last few years, germ line mutations in the MMR genes MSH2 and MLH1 (23, 24) , and to a lesser degree MSH6, PMS1 , and PMS2 , have been identified as the alterations responsible for this syndrome. In spite of that, these mutations are only identified in 50% to 70% of families meeting the stringent Amsterdam I criteria. This could be explained, at least in part, by the difficulty in identifying MMR gene mutations due to their heterogeneous nature (25) . In fact, with the use of more sophisticated techniques, mutation detection can be significantly improved (15) .
This would indeed be the case for tumors that show characteristic features of MMR gene mutations such as MSI or lack of MMR protein expression. Both types of alterations commonly coincide, showing an excellent correlation between them (13, 26, 27) , and they almost invariably accompany deleterious MMR gene mutations (15, 27, 28) .
On the other hand, little is known about the incidence, phenotype, and genetic alterations responsible for colorectal cancer in patients fulfilling Amsterdam criteria but not showing any evidence of mutator pathway abnormalities, such as MSI and absent MMR protein expression. The first report addressing this issue was based on the study of 50 families randomly chosen from a registry of hereditary colorectal cancer (17) . After dividing them according to partial or total fulfillment of Amsterdam I criteria and MSI, they observed that MSS HNPCC patients were older than MSI HNPCC patients; their tumors were less commonly on the right side of the colon, less often poorly differentiated and mucinous, and more often DNA aneuploid; and they did not present multiple cancers (17) . Later on, in a study that included a mix of families fulfilling Amsterdam I, Amsterdam II, or Bethesda criteria, Renkonen et al. (27) confirmed the older age at diagnosis of MMR gene mutation-negative patients and found a lower incidence of endometrial cancers in that group. Recently, a study geared to determine cancer risks in families fulfilling Amsterdam I criteria showed that HNPCC families without evidence of MMR defect had an increased incidence only of colorectal cancer, coinciding with the findings of previous studies, and had even smaller colorectal cancer risk than MMR-deficient families (29) . Regarding the molecular mechanisms responsible for colorectal cancer development in these families, this group seems to have few of the molecular alterations seen in the common pathways leading to colorectal carcinogenesis, which suggests that other unknown genes might be involved (16) .
The main purpose of this study was to assess the relevance of clinically defined HNPCC patients without characteristic mutator pathway alterations and to further define their specific features. A major strength of this study stems from the fact that this analysis was done in the context of a large, populationbased cohort that included a very significant proportion of newly diagnosed colorectal cancer from an entire country over the course of a full year (13) . A potential weakness of the study is that exclusion of familial adenomatous polyposis was decided solely on clinical grounds without systematic performance of APC and MYH mutation analysis. Therefore, it would be conceivable that some patients with attenuated forms of familial adenomatous polyposis could have ended up being included in the MSS HNPCC group of patients. We think this is unlikely because the number of adenomatous polyps found in that group averaged 0.4% per patient with a maximum of two polyps in two patients, which is way below the reported number of polyps for this syndrome. Finally, the pattern of inheritance of this group of MSS HNPCC patients is autosomal dominant and not recessive as seen in MYH causing attenuated familial adenomatous polyposis (30) . Another potential limitation is that we did not perform immunohistochemistry or mutation analysis for PMS2, which was found to be the cause of almost 9% of MMR gene mutations in a recently published large series of colorectal cancer (31) . In that study, all PMS2 mutations were found in MSI-H tumors; therefore, it is extremely unlikely that they could be the underlying cause of any of our MSS HNPCC patients.
We have been able to determine that this group of HNPCC patients (Amsterdam I or Amsterdam II), with none of the characteristic features of MMR deficiency, represents a very high percentage (f60%) of all HNPCC patients. As expected in an autosomal dominant pattern of inheritance, these patients have an equal gender distribution as observed in MSI HNPCC patients. Some important features set the MSS HNPCC group apart from the MSI HNPCC patients. In agreement with previous reports (17, 27) , age at diagnosis is f6 years higher on average and most colorectal cancers appear on the left side of the colon. In addition, we have shown that these tumors neither have a lymphocytic infiltrate nor are well differentiated, and they present a similar percentage of synchronous and metachronous adenomatous polyps and colorectal cancer as MSI HNPCC. There were also significantly different findings from previous reports (17) . We found a similar proportion (f1/4) of undifferentiated tumors in both MSI HNPCC and MSS HNPCC patients. That percentage was similar to that of sporadic MSI tumors and much higher than that of nonfamilial forms of MSS tumors. Furthermore, mucin production was very low in all HNPCC patients (MSI and MSS) whereas it was strongly associated with sporadic MSI tumors.
We also found that this group of MSS HNPCC families had a lower percentage of members affected with colorectal cancer, which was in agreement with previous reports (17, 27, 29) . On the other hand, contrary to previous findings, our series also showed a high incidence of endometrial cancer in these MSS HNPCC families. This could be due to differences in the studied populations. Thus, although we targeted all families fulfilling Amsterdam I and Amsterdam II criteria of HNPCC within a cohort of newly diagnosed colorectal cancer, the mentioned studies only included Amsterdam I families (17, 29) . Amsterdam II criteria were precisely drafted to take into account extracolonic malignancies associated with this syndrome. In fact, in our series, MSS HNPCC families were more likely to satisfy Amsterdam II criteria and, within those families, there was a 2.7% incidence of endometrial cancer whereas among the MSS HNPCC fulfilling Amsterdam I criteria, only 0.6% of family members had endometrial cancers.
It is interesting to note that in our series, the mean age at cancer diagnosis of all family members with HNPCC was 10 to 15 years higher than what is usually reported. This is in agreement with the large series recently published by Lindor et al. (29) and it emphasizes the importance of studying colorectal cancer syndromes not only in highly selected referral populations but also in the context of a general colorectal cancer population.
Finally, a recent study has shown the existence of a different group of familial colorectal cancer with variable levels of MSI and BRAF mutations (32) . None of the MSS HNPCC patients in our series presented such mutations. 6 In summary, this large, prospective, multicenter, nationwide cohort allowed us to clarify important issues on the evaluation of colorectal cancer according to characteristic molecular features of the MMR deficiency pathway. We have also been able to study HNPCC from a general colorectal cancer population perspective and we have further defined an important group of HNPCC families with specific features, no evidence of MMR deficiency, and an autosomal dominant trait with a lesser penetrance than HNPCC with MMR deficiency. Future studies will have to address this group as a distinct entity. Furthermore, we will have to reconsider early diagnosis and management strategies for this group in light of the presented findings.
